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SUMMARY 

Theoretical values of rocket performance parameters were calculated 
for JP-4 f uel and various mixtures of liquid fluorine and liquid oxygen, 
assuming both equilibrium and frozen composition during the expansion 
process. Data were calculated at several equivalence ratios for each 
assigned fluorine- oxygen mixture. 

t Fhg» parameters Included were specific impulse, combustion- ch amb er 
temperature, nozzle-exit temperature, equilibrium con^oBition, mean 
molecular weight, characteristic velocity, coefficient of thrust, and 
ratio of nozzle-exit area to throat area. 

Hie maximum value of specific impulse for a c hamb er pressure of 300 
pounds per square inch absolute and an exit pressure of 1 atmosphere 
(expansion ratio, 20.41) Is 299.4 pound-seconds per pound for equilibrium 
composition and 278.9 pound-seconds par pound for frozen composition. 
These values occur at 69.75 weight percent fluorine in the oxi dant and 
20.90 weight percent fuel In the propellant. 


INTRODUCTION 

Considerable interest has been shown recently in the use of mixtures 
of liquid fluorine and liquid oxygen as oxidants with hydrocarbons as 
fuel for possible high-energy rocket propellants (refs. 1 to 3). Mix- 
tures of fl uor ine and oxygen exist that give higher performance with hy- 
drocarbons than either 100-percent oxygen or fluorine because the fluorine 
burns preferentially with the hydrogen and the oxygen with the carbon. 

Theoretical performance calculations of a typical JP-4 fuel with 
various mixtures of fluorine and oxygen were made at the NACA Lewis labo- 
ratory, (l) to provide data in support of an experimental program, (2) to 
determine the maxim um performance for any assigned fluorine- oxygen mix- 
ture as a function of equivalence ratio, and (3) to deter mine the maxi- 
mum. performance of the propellant as a function of both fluorine- oxygen 
mixt ure and equivalence ratio. 
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The data were calculated on the basis of both equilibrium and frozen 
composition during expansion. The performance parameters included are 
specific inpulse, combustion- chamber temperature, nozzle-exit tempera- 
ture, equilibrium composition, mean molecular weight, characteristic ve- 
locity, coefficient of thrust, and ratio of nozzle-exit area to throat 
area. 


SYMBOLS 

The following symbols are used in this report: 

A nozzle area, sq ft 

a local velocity of sound, ft/sec 

Cjp coefficient of thrust, Ig/c* 

c* characteristic velocity, gP^A^/w, ft/sec 
g acceleration due to gravity, 32.174 ft/sec 2 
H° sum of sensible enthalpy and chemical energy, cal/mole 

h sum of sensible enthalpy and chemical energy per unit weight, 

i 

dM ’ 

I specific impulse, lb- sec/lb 

M molecular weight 

n number of moles 

P pressure 

r equivalence ratio, ratio of four times the number of carbon atoms 
plus the number of hydrogen atoms to twice the number of oxygen 
atoms plus the number of fluorine atoms 

T temperature, °K - - 

w rate of flow, lb/sec 

a ratio of equivalent oxidant formulas QFp to equivalent fuel 
formulas CEy. 


cal/g 
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Subscripts: 

c combustion chamber 

e nozzle exit 

i product of combustion 

t nozzle throat 

p fluorine- to-oxygen atom ratio 

X hydrogen- to- carbon atom ratio 


CALCULATION OF PERFORMANCE DATA 

The computations were carried out by ma-ana of the method described 
in reference 4 with modifications to adapt it for use with an IBM Card- 
Programmed Electronic Calculator. The machine was operated with floating 
decimal point notation and eight significant figures. The successive 
approximation process which was used to calculate the desired values of 
the assigned parameters (mass balance and pressure or entropy balance) 
was continued until seven-figure accuracy was reached. 

Assumptions . - The calculations were based on the following usual 
assumptions: perfect gas law, adiabatic combustion at constant pres- 

sure, isentropic expansion, no friction, homogeneous mixing, and one- 
dimensional flow. Hie products of combustion were assumed to be graphite 
and the following ideal gases: atomic carbon C, carbon monofluoride CF, 

carbon difluoride CFg, carbon trifluoride CF 3 , carbon tetrafluoride CF^, 
difluoroacetylene CgFg, methane CH^_, carbon monoxide CO, carbon dioxide 
COg, atomic fluorine F, fluorine Fg, atomic hydrogen H, hydrogen Eg, 
hydrogen fluoride HF, water HgO, atomic oxygen 0, oxygen Og, and hydroxyl 
radical OH. 

Jhermodynamic data . - The thermodynamic data for all combustion 
products except graphite, methane, the fluorocarbons, and water were taken 
from reference 4. Data for graphite were taken from reference 5, carbon 
monof luor ide from reference 6, the remainder of the fluorocarbons from 
reference 7, and water from reference 8. Data for methane were deter- 
mined by the rigid- rotator-harmonic- oscillator approximation using spec- 
troscopic data taken from reference 9. 

The diBsocation energy of Fg was taken to be 35.6 kilocalories per 
mole and the heat of sublimation of graphite at 298.16° K was taken to 
be 171.698 kilocalories per mole (ref. 10). 
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Physical and -thermochemical data . - The JP-4 fuel used in these 
calculations was assumed to have a hydrogen- to- carbon weight ratio of 
0.163 (atom ratio y = 1.942) and a lower heat of combustion value of 
18,640 Btu per pound. Additional properties of jet fuels may be found 
in reference 11. Several, properties of the oxidants taken from ref- 
erences 4, 10, 12, and 13 are listed in table I. 

Formulas . - The formulas used in computing the various parameters 
are as follows: 


Specific impulse, lb-sec/lb 


I = 294.98, 


fcc ~ fie 
1000 


Throat area per unit flow rate, (sq ft)(sec)/lb (pressure in atm) 


1.3144T t 

*tMt a 


Characteristic velocity, ft/sec 


Coefficient of thrust 


.« sa - 174 5g*t . . -(3) 




Nozzle-exit area per unit flow rate, (sq ft)(sec)/lb (pressure in atm) 

A- 0 . 040853T- , . 

^ PeMe 1 . (5) 

Ratio of nozzle- exit area to throat area 

Ae Ao/w . . 

(6) 


THEORETICAL PERFORMANCE LATA 


The calculated values of performance parameters were obtained for 
12 fluorine-oxygen ratios for a combustion pressure of 300 pounds per 
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square inch absolute and an exit pressure of 1 atmosphere. For each 
assigned fluorine- oxygen mixture, the following scheme was used to cal- 
culate an equivalence ratio for which specific impulse is near maximum: 

Let the equivalent formula of the propellant be 

CEj. + ct(OFp) 

Then by definition the equivalence ratio becomes 


r = , 4 + r 

a(2 + P) 

For p < r and assuming products to be CO, HF, and HgO, 

a = and r = £-J—I 

2 + p 2 + r 


For P > T and assuming products to be graphite, CO, and HF, 


a = 1 and r 


- + r) 

" n 2 + p) 


( 7 ) 

( 8 ) 


The simplified set of combustion products was used only to estimate 
the equivalence ratio giving near maximum specific impulse, whereas the 
actual /calculations included all the combustion products considered in 
this report. For each of the 12 fluorine- oxygen mixtures, performance 
data were obtained for three equivalence ratios. Including the one given 
by equation (7) or (8). The calculated values of specific impulse, with 
both equilibrium and frozen composition assumed during expansion, are 
given in table H. The values of the other perfor manc e parameters and 
the composition of the combustion products (corresponding to the eqiva- 
lence ratios for which equilibrium specific impulse is maximum) are 
given in tables III and IV for each of the 12 fluorine- oxygen mixtures. 
The mole fractions of CF^, CH^, and Fg were omitted from table XV in- 
asmuch as they were always less than 0.00001. 

Parameters . - The parameters are plotted in figures 1 to 5. Fig- 
ure 1 indicates the variation of specific impulse with weight percent 
fluorine in the oxidant for both equilibrium and frozen composition 
during the expansion process at the equivalence ratio for which equi- 
librium specific impulse is maximum. Bie maximum value of specific 
impulse is 299.4 pound-seconds per pound for equilibrium composition 
and 278.9 pound- seconds per pound for frozen composition. These maxi- 
mum values occur at 69.75 weight percent fluorine in the oxidant and 
20.90 weight percent fuel in the propellant. The oxidant mixture has 
the same fluorine -to- oxygen atom ratio as the hydrogen- to- carbon atom 
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ratio in the fuel (1.942). For this oxidant mixture, the 20.90 weight 
percent fuel in the propellant is the one in which the number of H atoms 
equals the number, of F atoms and the number of C atoms equals the number 
of 0 atoms. These atom ratios may be represented by the equivalent 
formula CHi # g42 + QFi. 942’ !Ehis formula is . consistent with the assump- 
tion that hydrogen bums preferentially witfi fluorine and carbon with _ 
oxygen. 

A comparison of the maximum values of specific impulse for JP-4 
fuel with 69.75 weight percent fluorine in the oxidant, 100 percent 
fluorine, and 100 percent oxygen is shown in the following table: 


Composition 

69.75 percent Fg 

30.25 percent Og 
by weight 

Fluorine 

Oxygen 


Specific 
Impulse, I 

Specific 
Impulse, I 

Decrease, 

percent 

Specific 
impulse, I 

Decrease, 

percent 

Equilibrium 

299.4 

278.9 

7.4 

260.7 

14.8 

Frozen 

278.9 

264.6 

5.4 

250.4 

11.4 


The curves of c*. Op, T c , T e , Me, Me, and Ae/Afc against weight 
percent fluorine in the oxidant, given in figures 2 to 5, are not nec- 
essarily the maximum values but correspond to the equivalence ratio for 
which equilibrium specific impulse is the maximum. The break in the 
curves at about 75 weight percent fluorine in the oxidant is due to the 
formation of graphite. 

Effect of thermodynamic data on performance . - Calculations in 
reference 14 show that if the carbon vapor evaporating from a graphite 
surface is assumed to contain the three species, monatomic carbon C, 
diatomic carbon C g, and triatomlc carbon C3, then Cg and C3 comprise a 

considerable part of the vapor. In order to determine the effect on 
specific impulse if Cg and C3 were included as combustion products, 
additional calculations were made for 74.80 weight percent fluorine in 
the oxidant. This percent fluorine is near the point for maximum spe- 
cific impulse and contains the largest mole fraction of C (table IV ) . 
Hie effect on specific impulse was small as may be seen from the fol- 
lowing table: 


Specific 

C s and Cra; not 

C? and C^ 

Decrease, 

impulse, I, 

included in 

included in 

percent 

lb-sec/lb 

combustion 

combustion 



products 

products 


Equilibrium 

294.0 

293.1 

0.31 

Frozen 

272.4 . 

271.1 

_ 

.48 


* ■ 
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Hie effect on specific impulse should "be less thftp shown in the pre- 
ceding table for oxidants containing less fluorine. 

The thermodynamic functions for Cg C 3 were obtained by the 

rigid-rotator-harmonic-oscillator approximation using the spectroscopic 
data of reference 15 for C 2 and the spectroscopic data suggested in ref- 
erence 14= far C 3 . Hie heats of formation for Cg C 3 were taken from 
reference 14. 

According to reference 7, the thermodynamic functions for CFg, CF 3 , 
and CgFg mus ^ regarded as tentative. However, inasmuch as the mole 

fractions of these substances are small (table 17), even large changes 
in their thermodynamic functions are expected to have only a small effect 
on performance. 

Hie "low" value for the heat of dissociation of Fj>> 35.6 kilocalories 
per mole, and the "high" value for the heat of sub limat ion of graphite, 
171.698 kilocalories per mole at 298.16° K, which were chosen for the 
calculations in this report, are still open to question. Hie low value 
for F 2 tends to keep the theoretical performance low, whereas the high 

value for graphite tends to keep it high. 


SUMMARY OF RESULTS 

A theoretical investigation of the performance of JP-4 fuel with 
liquid fluorine - liquid oxygen mixtures for a combustion pressure of 
300 pounds per square inch absolute and isentropic expansion to 1 at- 
mosphere, assuming equilibrium and frozen composition during the expan- 
sion process, gave the following results: 

1. Hie maYimiim value of specific impulse was obtained at 69.75 weight 
percent fluorine in the oxidant and 20.90 weight percent fuel in the 
propellant. Hie oxidant mixture is the one far which the fluorine- oxygen 
atom ratio equals the hydrogen- carbon atom ratio. For this oxidant mix- 
ture, the weight percent fuel in the propellant of 20.90 is the one for 
which the number of H atoms equals the number of F atoms and the number 

of C atoms equals the number of 0 atoms. These atom ratios may be rep- 
resented by the following equivalent formula CH^ ^ 4.2 + ^1.942* 

2. Hie maximum value of specific impulse assuming equilibrium 
composition was 299.4 pound- seconds per pound. This is a 14.8 percent 
increase over the maximum value of 260.7 pound-seconds per pound for 
JP-4 fuel with liquid oxygen and a 7.4 percent increase over the nfiaximum 
value of 278.9 pound- seconds per pound for JP-4 fuel with liquid fluorine. 


8 


NACA RM E54H09 


3. The maximum value of specific impulse assuming frozen composition 
was 278.9 pound- seconds per pound. This is an ,11. 4 percent increase over 
the maximum value of 250.4 pound-seconds per pound for JP-4 fuel with 
liquid oxygen and a 5.4 percent increase over the maximum value of 264.6 
pound- seconds per pound for JP-4 fuel with liquid fluorine. 


Lewis Flight Propulsion Laboratory 

Rational Advisory Committee for Aeronautics 
Cleveland, Ohio, August 11, 1954 
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TABLE I. - PROPERTIES OF LIQUID QXIDAUTS 


Properties 

Oxygen, Og 

Molecular weight , M 
Density, g/cc 

32.00 

a 1.1415 

(at -182.0° C) 

Freezing point, °C 

c -218. 76 

Boiling point, °C 
Enthalpy required to con- 

c -182 . 97 

vert liquid at boiling 
point to gas at 25° C 

S.080 

Enthalpy of vaporization, 


kcal/mole 

c i:630 
(at -182.97° C) 

Enthalpy of fusion, 


kcal/mole 

C .106 

(at -218.76° C) 


38.00 

“1.54 


(at -196° C) 
c -217.96 
c -187.92 

S.OSO 

c 1.51 
(at -187.92° C) 

C 7*70 


a Ref. 12. 
bRef. 13. 
c Ref . 10. 
^tef. 4. 
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TABLE IX. - THEORETICAL SPECIFIC IMPULSE FOB JP-4 FUEL WITH 

4 

LIQUID FLUORINE - LIQUID CQCfGEH MUTlffiES 
[Combustion-chamber pressure, 300 lb/sq In. aba; exit pressure, 1 atm.] 


Fluor ine- 
to -oxygen 
atom ratio, 

P 

Weight 
percent 
fluorine 
In oxidant 

Equivalence 

ratio, 

r 

Weight 
percent 
fuel In 

jrrrtpel 1 ant. 

Specific Impulse, I, 
lb-sec/lb 

Equilibrium 

composition 

Frosen 

composition 




1.50 

27.64 

259.3 

246.5 

0 

0 

a 1.51 

30.70 

260.7 

250.0 



1.60 

31.98 

259.6 

250.4 

III 


1.50 

28.15 

269.4 

255.9 


19.19 

a 1.51 

28.26 

269.4 

256.0 

■H 


1.54 

28.68 

269.3 

256.3 



1.50 

25.69 

278.3 

262.4 

0.5 

37.25 

®1.51 

25.79 

278.4 

262.5 



1.60 

26.94 

278^ 

263.4 



^.si 

23.30 

H|H 

270.6 

1.0 

54.29 

1.55 

23.80 


271.1 



1.60 

24.38 

KB 

271.7 

■Bi’ 


®1.51 

21.57 

296.6 

276.9 


65.52 

1.60 

22.59 

297.1 

278.8 

HI 


1.70 

23.67 

294.2 

277.0 



1.50 

20.81 

299.2 


1.942 

69.75 

a 1.51 

20.90 

299.4 




1.52 

21.05 

299.0 




1.40 

19.60 

296.0 

275.8 

2.0 

70.37 

1.48 

20.49 

298.9 

278.4 



*1.53 

21.04 

298.1 

277.7 



1.40 

19.44 

295.7 

276.1 

2.1 

71.38 

1.50 

20.55 

297.5 

277.1 



b 1.57 

21.28 

296.8 

276.2 



1.45 

19.85 

296.4 

276.5 

2.2 

72.32 

1.50 

20.40, 

296.4 

276.1 



b 1.60 

21.46 

295.8 

275.0 



1.65 

21.56 

29^.9 

272.3 

2.5 

74.80 

“1.70 

22.07 

294.0 

272.4 



1.75 

22.57 

293.9 

272.8 



2.00 

23.47 

289.1 - 

• m 

4.0 

82.61 

b 2.04 

23.82 

289.2 

1 1 



2.20 

25.22 

288.7 

mtmm 



3.00 

27.07 

278.6 

264.2 

ao 

100 

^s.oe 

27.46 

278.9 

264.6 



3.50 

30.22 

278.0 

266.0 
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TABU! XU. - CALCULATED PERFORMANCE OF JP-4 FUEL WITH LICfttD FLUORINE - LIQUID OKYQEM HDCTUHES 

ICoeSbaetion-ohamber preaaare, 500 Ib/aq In. aba; exit preaaure, X atm; equilibrium and frosen 
ocnrooeitlcc aaeumed during expansion.] 


Weight Weight EqulTB- Speoif- 

peroent percent laooe la lm- 

fluo- fuel In ratio, pulaa, 

rlne In propel- r I, 
oxidant lent lb-aeo 


IB 


Coeffi- 
cient I tlon 

Of I AViemliet. 

tbruat, Iteeper- 

Gp 




Ratio of Mean 
noekle- noleo- 
exlt ular 
area to Naight 
throat In coa- 
buatlan 
ahaaber, 
*0 


70 

37 

71 

38 

73 

33 

74 

.8 0 

83 

61 


.00 30.70 
.15 38.86 

.35 35.79 
.39 33.80 
.53 33.59 
30.90 


1 . 

. 51 

1.51 

1 . 

. 55 


37 .46 


360.7 
36 9.4 

378.4 

388.5 
397.1 
3 9 9.4 
39 8.9 

897.5 
89 6.4 
89 4 . 0 
88 9.3 
378.9 


5887 
6076 
6 878 
6533 
6739 
67 68 
6759 
6733 
6697 
6617 


1.435 
1.437 
1. 4 37 
1.433 
1.418 
1 

1.433 

1.434 
1.434 
1.489 


4 3 55 
3 5 
4 3 SV~ 
4 3 33 
3 3 
43 04 
4184 


3413 3.885 

3570 3.913 

3781 3.919 

3836 3.853 
3893 3.759 
3080 3.858 

3 . B 4 9 
3.865 
3.863 
3.984 


00 .00 
9 .19 
37 .35 
54.37 
65.53 


70 

. 37 

71 

. 38 

73 

. 33 

74 

. 8 0 

83 

.61 

00.00 


30 

.70 

38 

.86 

85 

.79 

3 3 

.80 

33 

Cn 

30 

.90 

80 

. 49 

30 

. 5 5 

30 

.40 


wm 


81.83 

88.97 

31. 37 

38.78 

30-95 

88-56 

30.50 

38.13 

30.35 

31.83 

80.71 

88.37 

80.80 

88.47 

30.91 

88.59 

31.04 

B8 . 70 

31.43 

88.85 

33.31 

33 .61 


3 3 

. 83 

37 , 

. 46 


350.0 
856 .0 
363 .5 

371.1 

378.8 

878.9 

378.4 

377.1 

376.1 

373.4 
370.3 


Franco a 


5733 1 .40 


n 


589 O' 1 .398 
6061 1.39 

6380 1 .389 
6468 1.387 

1.386 
1.386 
6433 1.386 

1.386 
. 3 

6338 1.396 

6047 1.408 


34 38 

1939 

3 .500 

81.83 

35 84 

19 35 

3 .410 

31 .37 

37 67 

1945 

3 .314 

30.95 

4 010 

1978 

3 .319 

80.50 

43 55 

3048 

3 .170 

30.35 

43 51 

3075 

3.158 

80.71 

4 3 59 

3075 

HHII 

20.80 

43 33 

3078 


30 , 

.91 

4331 

3 074 


81.04 

4304 

3105 

3.349 

81.43 

4184 

3318 

3.369 

88.81 

4146 

3435 

3 .597 | 

^4. 

. 03 


|c{e 


■ juif if 
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UBU IT. - ■ qmr.THfl UM CCHPOSITIO* H OOnOSTIdl CH 1 IWH FOB JF-* JDKL VXtB t Utf J JU) BUXSSB - UJJJJJJ omm HJJ PJim 

{cotaatlon-oliaribar praaanra, BOO 1V*4 to. aba] 


Wdgbt par- 
oant f marina 
In oxidant 

0 

19.19 

87.85 

51.89 

58.59 

59.75 

70.57 

71.SB 

79.38 

71.50 

89.61 

loo.oo 

Valaht pap- 
east foal In 
jrapallant 

30.70 

SB. 80 

85.79 

95.80 

SB. 69 

80.90 

80.49 

BO-86 

90.10 

88.07 

93.89 

97.18 

Xqulvalacoa 
ratio, r 

1.S08 

i.Eoe 

l.Boa 

1.550 

1.500 

1.508 

1.160 

1.600 

1.800 

1.700 

9.010 

8.000 

IqalllWlM OO^KMltlOD. («ol« fraction) I 

0 

out 00 0 0 

040000 

04 

0000 

040000 

04000 0 

04 0 0 1 9 

040004 

040 8 88 

040378 

040784 

0.0 

0638 
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rluorine In oxidant, percent "by weight 

jlgmyi i, - Theoretical apeoifio lnpule© of JP-4 fuel with liquid fluorine - liquid axjgpai a lx- 
turea at equlralmoe ration for which equilibria* specific impulse Is naxiimn - Isentropio 
expansion fraa 500 ponds per square inch absolute to 1 atmosphere assuming equilibria* and 
frown oanpoaltlaa. 
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Tluorina In aidant, paroaoot ty weight 

figure 2. - Bwaretloal oaflmaticn^Qhaaabar teapeirature and. noasle-exlt tmparatnre of JP-4 fuel 
with HyM fluorine - l lg nifl ox^gaa mixtures at equiTalanoe ratios for afaloh oqulUtarlua 
opeolflo Impulse la Isantroplo expansion frda 500 pounds per square Inch abso- 
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Fluorine la oxidant, percent by weight 

Figure 5. - ffliecretfoal characteristic Telocity end coefficient of thrust of JP-4 fuel with 
lliold fluorine - liquid oxygen mixtures at equivalence ratios for which equilibrium specific 
im ps] «» is maximum. Isen tropic from 500 pounds per square I nch absolute to 1 atmos- 

phere assuming equilibrium and fro® on c ompo s i tion. 
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yiuartne In oxidant, percent by welffht 

f igur e 4. - Th eoreti cal ratio of nozzle -exit area to throat area of JP-4 fuel with liquid, fluorine - 
liquid oxygen mixtures at eqwlTelenoe ratios for which equilibria specific Impulse Is —aim. 
Isentroplo expansion frcn 300 pounds per square Inch absolute to 1 atooephare assuming aqnll 1b- 
rlm and frozen ooapoeltloa; 
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Figure 5 . - Biaaretioal naan noleonlar weight In oaubustioti ahasbor and at no* tie exit of 
JP-4 fool with liquid fluorine - liquid oxygen Mixtures at equlralanoe ratios for whioh 
equilibria* specific lapulse la aarlwns. leant ropio axpaaalon fron 300 pounds per square 
inoh absolute to 1 ataosubere assuming equillbrlm ocMpoaition. 



